INTRODUCTION
============

Homologous recombination, the exchange of strands between homologous DNA molecules, is a universal aspect of genome metabolism needed to repair DNA double-strand breaks, to ensure proper replication and chromosome segregation and to create genetic diversity. The defining mechanistic steps of homologous recombination are DNA strand invasion and joint molecule formation. These reactions are catalyzed by a class of proteins called recombinases, typified by bacterial RecA, and including the RadA homologs in archaea and the Rad51 homologs in eukaryotes. The recombinase proteins all assemble into helical nucleoprotein filaments on DNA. The nucleoprotein filaments formed by bacterial RecA were first observed more than two decades ago ([@b1]--[@b3]). Since then, this filament structure has proven to be highly conserved. Recombinases from all three kingdoms of life assemble on both single-stranded and double-stranded DNA into very similar filaments despite the limited conservation among their amino acid sequences \[structures reviewed in ([@b4])\]. Current models of homologous recombination involve strand exchange occurring within the recombinase nucleoprotein filament. The mechanistic details of homology search and the exchange of DNA strands are currently obscure, but must require dynamic rearrangements of the nucleoprotein filament involving both DNA and the recombinase proteins.

The *in vitro* activity of the eukaryotic recombinases is sensitive to a number of reaction conditions suggested to affect protein or filament conformation related to ATP binding ([@b5]--[@b8]). The status of bound nucleotide cofactors influences DNA binding for both RecA and Rad51, though in subtly different ways for the recombinases from different organisms ([@b9]--[@b14]). The formation of a recombination-competent nucleoprotein filament in all cases requires a bound nucleotide cofactor. Conversely, ATP hydrolysis by the recombinases is dependent on their interaction with DNA, with single-stranded DNA stimulating the activity more strongly than double-stranded DNA ([@b15],[@b16]). However, the mechanistic role of ATP hydrolysis in recombination remains enigmatic. ATP hydrolysis is dispensable for RecA and Rad51 catalyzed *in vitro* recombination reactions, which assess the pre-synaptic and synaptic stages of recombination, including homology search, strand invasion and joint molecule formation ([@b7],[@b17],[@b18]). However, based on the phenotypes of ATPase defective recombinases, *in vivo* recombination does require ATP hydrolysis ([@b19]--[@b21]).

Here, we described the effect of reaction conditions that influence *in vitro* recombination on the structure of human Rad51 nucleoprotein filaments. The filaments were observed directly in the absence of fixatives and characterized with scanning force microscopy (SFM). In conditions that enhance *in vitro* recombination activity, we observed regular and stable filaments with elongated double-stranded DNA. Filaments formed on single-stranded DNA were almost all irregular in all conditions unless they were fixed with glutaraldehyde. In contrast, Rad51 filaments on double-stranded DNA were irregular and apparently unstable in conditions where *in vitro* recombination activity is low. Disassembly of filaments was followed over time revealing that protein disassociation occurs from many places along the filament. Single molecule force spectroscopy studies of Rad51 filament assembly and disassembly also showed that stable filaments form in conditions that favor *in vitro* strand exchange reactions. Furthermore, the kinetics of filament disassembly followed in solution in real-time indicated dissociation of Rad51 subunits from many points at once.

MATERIALS AND METHODS
=====================

DNA substrates
--------------

The double-stranded DNA used in the SFM experiments was made by linearization of pDERI1 ([@b22]). Digestion of this plasmid with ScaI produced 1821 bp blunt-ended linear double-stranded DNA. The resulting linear DNA was purified by phenol:chloroform:iso-amyl alcohol (25:24:1) extraction and checked for purity by gel electrophoresis.

A sample of 810 nt single-stranded DNA was made as follows: first a double-stranded 810 bp fragment was produced by PCR, using the URA3 gene from *Saccharomyces cerevisiae* as template DNA and primers U3, which was 5′-phosphorylated (5′-GAAGGAAGAACGAAGGAAGGAGC), and Bio 5, which was 5′ biotinylated (5′-TTTCCCGGGGGGCCCGGGTTCTATACTGTTGACCC). The PCR product was purified by phenol:chloroform:iso-amyl alcohol (25:24:1) extraction, followed by ethanol precipitation. The DNA strand with the terminal 5′-phosphate was digested by lambda exonuclease (5 U/μg DNA). The reaction was carried out at 37°C for 1 h and stopped by the addition of a 0.1 vol of STOP solution containing 5% (w/v) SDS, 50 mM EDTA, 30 mg/ml Proteinase K and further incubation at 65°C for 30 min. The resulting single-stranded DNA was resolved on a 1.5% agarose gel and purified from the gel using a GFX™ column (Amersham).

For the magnetic tweezers experiments, freely rotatable 8 kb DNA was made as described previously ([@b23]).

Rad51 purification
------------------

The human Rad51 protein was over-expressed in *Escherichia coli*. Cells were lysed in high salt. The clarified lysate was treated with polyethylenimine. After a second clarification, Rad51 was recovered by (NH~4~)~2~SO~4~ salting-out and the resuspended pellet was purified by heparin-sepharose chromatography followed by MonoQ chromatography. The protein was dialyzed against 300 mM KCl, 20 HEPES--NaOH (pH 7.8), 1 mM EDTA, 2 mM DTT and 10% glycerol, and stored at −80°C.

Filament formation reactions
----------------------------

Nucleoprotein filaments were formed in 10 μl reactions containing 7.5 μM DNA (concentration in nucleotides), 2.5 μM human Rad51, 25 mM HEPES--KOH (pH 7.5), 5 mM MgCl~2~ or CaCl~2~, 2 mM nucleotide cofactor (ATP, ADP, ATPγS or AMP-PNP) and 30 mM KCl. Reactions were carried out at 37°C for 1 h and then placed on ice. When indicated, 200 mM (NH~4~)~2~SO~4~ was added after 1 h of incubation at 37°C which was continued for an additional 10 min prior to placing the reactions on ice.

D-loop assays
-------------

Oligonucleotide SK3 ([@b24]) was radiolabeled at the 5′ end and incubated at 3.6 μM (nucleotide) with 1.6 μM Rad51 in 50 mM Tris--HCl (pH 7.5), 1 mM DTT, 0.1 mg/ml acetylated BSA, 60 mM KCl, 5 mM MgCl~2~ (or CaCl~2~) and 2 mM ATP (or AMP-PNP or ATPγS). After 5 min incubation at 37°C, 10 μl of supercoiled pUC19 plasmid DNA at 1.14 mM nucleotide (prepared by detergent lysis and twice purified by CsCl gradient equilibrium sedimentation) was added. At the desired time point, 10 μl aliquots were withdrawn from the reaction, mixed with 5 μl of STOP solution (0.5% SDS, 50 mM EDTA and 30% glycerol) and deproteinized by incubation for 5 min at 37°C with 1 μg/μl final of Proteinase K. Reaction products were fractionated by 0.8% agarose gel electrophoresis in Tris--borate buffer. Gels were dried on DEAE paper and analyzed by Phosphorimaging.

Scanning force microscopy
-------------------------

For imaging, reactions were diluted 15-fold in deposition buffer \[10 mM HEPES--KOH (pH 7.5) and 10 mM MgCl~2~\] and deposited on freshly cleaved mica. After ∼30 s, the mica was washed with water (glass distilled; SIGMA) and exposed to a stream of filtered air.

For the study of human Rad51 disassembly on mica, nucleoprotein filaments were formed as described above including treatment with (NH~4~)~2~SO~4~. Reactions were deposited on mica and the excess buffer was removed, but the samples were not dried. The sample on mica was then covered with buffer containing 25 mM HEPES--KOH (pH 7.5), 5 mM MgCl~2~, 2 mM ATP and 30 mM KCl, or 200 mM (NH~4~)~2~SO~4~. The nucleoprotein filaments were incubated at 19°C for 1, 5 or 30 min and then washed and dried as described above.

Images were obtained on a NanoScope IIIa or a NanoScope IV (Digital Instruments; Santa Barbara, CA) operating in tapping mode in air with a type E scanner. Silicon Nanotips were purchased from Digital Instruments (Nanoprobes). The length of nucleoprotein filaments was measured from NanoScope images imported into IMAGE SXM 1.62 (National Institutes of Health IMAGE version modified by Steve Barrett, Surface Science Research Centre, University of Liverpool, Liverpool, UK). The filaments\' contours were traced manually. For the irregular filaments, the contours were traced as a path through the highest points along the nucleoprotein filaments.

Magnetic tweezers
-----------------

The magnetic tweezers setup used has been described in ([@b25]). The force applied to the bead was calculated by quantifying thermal motion of the DNA-tethered bead and substituting it into equipartition theorem. Using image processing, a position accuracy of 5 nm in three dimensions was obtained. To exclude thermal drift, all positions were measured relative to a polystyrene bead fixed to the bottom of the flow cell. Length changes of a magnitude up to 10 nm or with a frequency \<30 Hz could be determined reliably within the spatial and temporal noise for *Z* detection at the force used.

Polystyrene beads, as well as DNA constructs carrying a magnetic bead at one end, were anchored to the bottom of a flow cell as described ([@b25]). Force-extension curves were used to identify attachment of single DNA molecules. After conformation of the correct contour and persistence lengths, experiments were started by addition of human Rad51. All measurements were carried out at 25°C.

Flow cell reactions
-------------------

The reaction buffer used in the flow cell was 25 mM HEPES--KOH (pH 7.5), 5 mM MgCl~2~ and 25 mM KCl. For the start of a measurement, the flow cell content was replaced by buffer including human Rad51 and 2 mM ATP while maintaining the DNA tether at a constant magnetic force. Note however that due to the flow (first 60--75 s), an additional drag force pulls on the bead. As a result, the bead is moved sideways and downwards, increasing the tether length, but decreasing the bead height. Human Rad51 (dis)assembly was monitored through measurement of the height of the magnetic bead.

RESULTS
=======

The structure of nucleoprotein filaments formed by the human recombinase Rad51 was analyzed by SFM imaging. In this way, we not only assessed if the protein binds to DNA under the conditions tested, but also directly observed the architecture of the resulting protein--DNA complexes. Significantly, sample preparation does not require fixative agents thereby allowing the observation of possibly dynamic structures. This approach also resulted in capturing for observation the variety of structures present in a reaction mixture at the time of deposition. Comparing unfixed and fixed filaments indicated that chemical fixation forced the accumulation of regular structures.

Human Rad51 formed regular and irregular filaments on double-stranded DNA depending on reaction conditions
----------------------------------------------------------------------------------------------------------

Nucleoprotein filaments formed in the presence of ATP and Mg^2+^ on 1.8 kb double-stranded DNA were irregular and varied in length ([Figure 1A](#fig1){ref-type="fig"}). To assess DNA extension in the filaments, their contour length was measured by tracing a path through the highest points along the protein--DNA complex. This was compared to the contour length of DNA molecules in the absence of protein measured in the same way. All length measurements are displayed as distributions in histograms ([Figure 2](#fig2){ref-type="fig"}). The length of the filaments formed in the presence of ATP and Mg^2+^ indicated that many of the DNA molecules were not significantly extended in these complexes ([Figure 2A and B](#fig2){ref-type="fig"}). The filaments with lengths significantly shorter than the 1.8 kb DNA (average measured length 0.53 μm) were due to contaminating short DNA fragments that were eliminated in subsequent experiments. Filaments formed in the presence of ATPγS, a nucleotide cofactor analog usually described as poorly hydrolyzable, were similar to those formed with ATP, irregular ([Figure 1B](#fig1){ref-type="fig"}) and without DNA extension.

Dramatically different filaments formed in the presence of the non-hydrolyzable ATP analog AMP-PNP ([Figure 1D](#fig1){ref-type="fig"}). Here, there were very few filaments with intermediate lengths between that of the bare 1.8 kb fragment (0.53 μm) and the fully extended length (0.8 μm), expected if the DNA is completely incorporated into a filament making it 1.5 times longer ([Figure 2D](#fig2){ref-type="fig"}). These filaments were regular and, apart from the filaments formed on the small contaminating DNA, had a uniform length indicating extension of the DNA to ∼1.5 times that of a B-form.

In addition to varying the nucleotide cofactor, we also formed Rad51 filaments in buffer conditions known to influence the *in vitro* strand exchange reactions. Rad51-catalyzed strand exchange is stimulated by the addition of ammonium sulfate to a reaction including ATP and Mg^2+^ ([@b8]) and the (partial) substitution of Ca^2+^ for Mg^2+^ in an ATP-containing reaction ([@b7]). Filaments were formed as described above by addition of protein and nucleotide cofactor to DNA, where ammonium sulfate was added subsequently. These conditions, both addition of ammonium sulfate ([Figure 1C](#fig1){ref-type="fig"}) and substitution of Ca^2+^ for Mg^2+^ ([Figure 1E](#fig1){ref-type="fig"}), resulted in filaments with a regular appearance, similar to those formed in the presence of AMP-PNP. Addition of ammonium sulfate resulted in elongated filaments, though with a distribution centered at shorter than fully extended length ([Figure 2C](#fig2){ref-type="fig"}). Careful inspection of images of these filaments suggests their less than complete extension may be due to less than complete coverage of DNA by Rad51, but where DNA is covered the structures are regular (see apparent gaps in filaments shown in [Figure 1C](#fig1){ref-type="fig"}). Substitution of Ca^2+^ for Mg^2+^ resulted in filaments with a length distribution centered near the fully extended form ([Figure 2E](#fig2){ref-type="fig"}).

Human Rad51 rarely formed regular filaments on single-stranded DNA
------------------------------------------------------------------

We also analyzed the structure of Rad51 filaments formed on single-stranded DNA, the complex that initiates joint molecule formation and is presumably active in identifying regions of sequence homology. Rad51 was incubated with single-stranded DNA, a natural plasmid sequence ∼800 nt long, in the same set of conditions and the same protein to DNA ratio (equivalent here to one Rad51 monomer per 3 nt of DNA) as was done for double-stranded DNA. In the absence of protein cross-linking agents, regular filaments were only rarely observed. Filaments were classified as regular or irregular based on their appearance and the percentage of regular and irregular filaments in the various conditions was tabulated ([Figure 3](#fig3){ref-type="fig"}). Regular or partially regular filaments were observed when ATP in the presence of Ca^2+^ or AMP-PNP was used as a nucleotide cofactor. For AMP-PNP, only a small fraction of the filaments were regular (85%, *n* = 60, of the filaments were irregular, see example in [Figure 3D](#fig3){ref-type="fig"}). Filaments formed in the presence of ATP and Ca^2+^ were occasionally like those formed on double-stranded DNA and classified as regular ([Figure 3E](#fig3){ref-type="fig"}). However, most of them had an intermediate appearance, not completely regular but not as irregular as filaments formed, for instance, with ATP and Mg^2+^ (compare [Figure 3A and C](#fig3){ref-type="fig"} with [Figure 3E](#fig3){ref-type="fig"}). All other conditions resulted in irregular filaments. Notably, the addition of ammonium sulfate to filaments formed with ATP and Mg^2+^ caused apparent disassociation of protein from DNA in the irregular filaments present before addition of ammonium sulfate. However, treatment of the reactions producing irregular filaments with glutaraldehyde resulted in all of the filaments becoming regular (compare [Figure 3A and B](#fig3){ref-type="fig"}). This suggests that the irregular structures observed on mica were a sampling of dynamic filaments in solution with subunits rearranging or associating and disassociating. Fixation by glutaraldehyde may have trapped a structure that was only transiently present or that was the sum of dynamic interactions that occur in the time the cross-linking agent was present.

Human Rad51 recombination activity varied with reaction conditions
------------------------------------------------------------------

The structure of Rad51 filaments varied based on the DNA substrate and the reaction conditions. The conditions used were previously described to effect *in vitro* recombination activity, but have not all been directly compared in the same assay. In order to correlate filament structure with activity directly, we tested all of these conditions with our Rad51 protein in a D-loop assay ([Figure 4](#fig4){ref-type="fig"}). As judged by D-loop product accumulation, Rad51 is most active in the presence of AMP-PNP or ATP and Ca^2+^. Indeed, in these conditions product signal at the time labeled 0 ([Figure 4](#fig4){ref-type="fig"}) indicated that product was formed in even the very short time it took to remove an aliquot after mixing all components. Only weak activity was observed in the presence of ATP or ATPγS and Mg^2+^. Little D-loop formation was detected when ammonium sulfate was added to reactions with ATP and Mg^2+^. The Rad51 activity measured by D-loop formation does not require ATP hydrolysis as this was most active with the non-hydrolyzable analog AMP-PNP or with ATP and Ca^2+^, where ATP hydrolysis is considerably inhibited ([@b7]). Addition of ammonium sulfate inhibited D-loop formation here, though it has been shown to stimulate Rad51 activity in a different *in vitro* assay \[([@b8]) and see Discussion\]. The lack of D-loop product correlated with the observation that Rad51 filaments formed on single-stranded DNA in the presence of ATP and Mg^2+^ were disrupted by ammonium sulfate in our experiments.

Dynamic disassembly of human Rad51 filaments correlates with ATP hydrolysis
---------------------------------------------------------------------------

ATP hydrolysis is required *in vivo* for Rad51 function in homologous recombination ([@b20]). We observed that filaments formed in the presence of ATP were very irregular. The irregular structure of these filaments suggested that they might be dynamic, with active exchange of free and DNA-bound Rad51 along the filament. To test if this was the case, we characterized the transition from regular to irregular filaments. Ammonium sulfate does not significantly inhibit the ATPase activity of Rad51 \[([@b14]); and data not shown\], but does result in the formation of regular filaments. We therefore reasoned that removing ammonium sulfate would provide an experimental tool to control the transition from regular to irregular filaments. For this purpose, filaments were formed with Rad51 and double-stranded DNA in conditions including ATP and Mg^2+^, followed by addition of ammonium sulfate as before. After deposition onto mica, excess buffer was removed and replaced with a buffer lacking ammonium sulfate and Rad51. The filaments deposited on mica were incubated in this buffer for varying times before observation by SFM. As can be seen in [Figure 5A](#fig5){ref-type="fig"}, incubation without ammonium sulfate for 1, 5 and 30 min resulted in increasing disorder along the filaments, apparent loss of protein from DNA and eventually completely protein-free DNA. Filament length also decreased over this time indicating that DNA extension is not maintained as the filaments become irregular ([Figure 5B](#fig5){ref-type="fig"}). In contrast to RecA ([@b26]), Rad51 dissociation did not occur from one end, but apparently from many sites along the DNA. The effect of ammonium sulfate on stability of the Rad51 filaments was specific and not a general effect of salt in the buffer. Substitution of KCl for ammonium sulfate did not stabilize the filaments, irregular filaments appeared just as in the absence of ammonium sulfate or when it was removed without additional salt ([Figure 5D](#fig5){ref-type="fig"}). Incubation of Rad51 filaments on mica *per se* does not result in their dissociation, as regular filaments remained stable in buffer including ammonium sulfate but without Rad51 even after 30 min of incubation ([Figure 5C](#fig5){ref-type="fig"}). Though Rad51 binds to DNA in the presence of ADP, irregular filaments were also formed when ADP was used as a cofactor ([Figure 5E](#fig5){ref-type="fig"}).

The experiments incubating filaments on mica suggested that filaments disassembled over the course of ∼30 min by dissociation of Rad51 from many points. It is notable that the Rad51 protein in filaments bound to mica appeared to behave the same as it did in solution. The appearance of filaments on mica after removal of ammonium sulfate was the same as the appearance of filaments deposited from solution reactions including ATP. However, it was not possible to follow these apparent dynamics directly and we could not exclude possible effects of the surface on this reaction and its apparent kinetics.

In order to study the dynamics without possible interference from surface immobilization, we followed Rad51 filament assembly and disassembly on single DNA molecules held in magnetic tweezers. An 8 kb double-stranded DNA molecule was tethered between a surface and a magnetic bead such that the position of the bead and the force exerted upon it could be manipulated and recorded. In the experiments reported, DNA with at least one nick near the magnetic bead was used, resulting in a torsionally unconstrained DNA molecule. At a constant stretching force, enough to extend the DNA molecule but not distort its structure, the assembly of a Rad51 filament on this DNA will increase the length of the tethered molecule. Assembly (or disassembly) of the filament was followed in real-time by recording changes in the height of the magnetic bead. Upon addition of buffer containing Rad51, ATP and Mg^2+^, filament assembly was very fast. The dynamics of this process could not be properly followed when 830 nM Rad51 was added to the flow cell as the DNA tether was already extended to 1.35 times the length of bare DNA when the inflow of Rad51 was stopped (at ∼75 s, [Figure 6A](#fig6){ref-type="fig"}). This is equivalent to ∼70% of the DNA covered by a filament extending the helix 1.5 times its B-form length that had formed while flushing the flow cell. Note that the assembly rate could have been affected by the extra extension of the double-stranded DNA due to the drag of the flow. At lower levels of Rad51, 166 nM added to the flow cell, the dynamics of filament assembly could be separated from flushing the flow cell. However, full extension to 1.5 times the original DNA length was not observed in these conditions ([Figure 6B](#fig6){ref-type="fig"}). Very similar time courses, fast assembly for 830 nM Rad51 and slower assembly for 166 nM Rad51 were observed in several independent experiments ([@b3] and [@b11] respectively).

The non-linear elongation of DNA versus time in the presence of 166 nM Rad51 indicated that the rate-limiting step in filament assembly was not a slow DNA binding or nucleation event followed by more rapid filament growth ([Figure 6B](#fig6){ref-type="fig"}). Rather it appeared that nucleation events of Rad51 binding to DNA occurred at multiple sites, the frequency of which depended on the concentration of free Rad51 (a complete quantitative analysis of these and other tweezers experiments will be published elsewhere). Filaments formed in these conditions, continuous presence of Rad51 and ATP, remained stable and elongated, within the detection limits of the tweezers, for several hours. Addition of ammonium sulfate after the formation of filaments did not affect their elongation. However, addition of ammonium sulfate together with Rad51 prevented any obvious filament formation, consistent with SFM imaging of reactions assembled in this way (data not shown). As observed by SFM, elongated filaments were formed when Rad51 was added to the flow cell together with AMP-PNP or with ATP and Ca^2+^ instead of Mg^2+^ (data not shown).

Disassembly of a Rad51--DNA filament formed in the presence of ATP was followed after replacing the buffer in the flow cell with one that lacked ATP and Rad51. The bead height, representing end-to-end distance of the tethered molecule decreased over the course of 50 min to the original length of bare DNA ([Figure 6C](#fig6){ref-type="fig"}). The exponential decay of this curve indicated that filament dissociation did not occur from one end or a single point, but that Rad51 dissociated from many points along the molecule. As expected from the SFM imaging experiments, Rad51 filaments treated with ammonium sulfate or formed with ATP and Ca^2+^ did not dissociate when the buffer was replaced with one lacking Rad51 and ATP (observed for several hours to over-night). These single molecule dynamic measurements of filament disassembly in solution confirmed the snap shot SFM images of filament disassembly on mica.

DISCUSSION
==========

We observe that the human recombinase Rad51 forms regular stable filaments with extended double-stranded DNA in conditions that promote an efficient *in vitro* strand exchange reaction ([@b7],[@b8]). *In vitro* assays for recombinase functions measure the accumulation of DNA products after de-proteination, thus the conditions that stabilize these double-stranded DNA structures would enhance product accumulation. The regular filament form appears to be trapped when ATP, or a structural mimic, is bound but not hydrolyzed. AMP-PNP is a chemical analog of ATP that can bind to but is not hydrolyzed by ATPases such as Rad51. Substituting Ca^2+^ for Mg^2+^ in reactions involving human Rad51 results in a reduced ATPase rate that maintains human Rad51 in an ATP-bound form ([@b7]). The effects of ammonium sulfate are more complex. It is likely that one effect of ammonium sulfate is to mimic an ATP-bound form of Rad51. Although ammonium sulfate does not inhibit the ATPase activity of human Rad51 \[([@b14]), and data not shown\], it probably does influence conformation at the ATPase active site. The atomic structures of both the archaeal recombinase *Pf*Rad51 ([@b27]) and the yeast *Sc*Rad51 ([@b28]) have a sulfate ion (presumably scavenged from the crystallization solution), not a nucleotide, bound in their ATPase active sites. Either the bound sulfate ion alone or in the presence of ADP could induce the same protein conformation as bound ATP ([@b14]). Additionally, it is expected that ammonium sulfate has a more general role, as increased ionic strength prevents aggregation of Rad51--DNA filaments *in vitro*. Accordingly, incubation with KCl also prevents non-specific aggregation but does not result in regular filaments \[([@b5],[@b8]) and [Figure 5C](#fig5){ref-type="fig"}\].

The importance of nucleotide cofactors for filament structure and stability is clear in the atomic structures of *Sc*Rad51 and *Methanococcus volte* RadA in filaments on DNA ([@b28],[@b29]). In these two structures, the ATPase active site is at the junction of adjacent monomers in a filament. In the *Mv*RadA filament structure, the AMP-PNP nucleotide is clearly resolved as a bridge between adjacent RadA monomers. It is easy to imagine that hydrolysis of ATP would, in simple terms, break this bridge or change the conformation of the adjacent recombinase monomers so that the subunit interface becomes less stable.

The structural requirements for filaments on single-stranded DNA that are needed to form joint molecules are often assumed but have not yet been defined. We observed mostly irregular filaments in all conditions on single-stranded DNA, even in conditions that resulted in most active recombination. Regular filaments have been reported by others in these conditions ([@b5],[@b30]), but only after fixation which could have trapped otherwise dynamic protein in a regular structure. Indeed after treatment of half of a reaction that produced irregular filaments on single-stranded DNA with glutaraldehyde, exclusively regular filaments were observed ([Figure 3A and B](#fig3){ref-type="fig"}). The irregular appearance of the filaments suggests dynamic association and disassociation of subunits. Our data do not rule out regular filaments as the active species in joint molecule formation, a dynamic transition to short-lived regular forms would explain their rarity. However, it is difficult to imagine the strand exchange steps of homologous recombination occurring without dynamic rearrangement of protein and DNA in the filaments.

The description we provide here of Rad51-DNA filament structure and stability should form the basis for subsequent investigation into the effect of the recombination mediators on dynamic filament assembly and disassembly. The recombination reaction mediated by eukaryotic proteins that can be completed *in vitro* by the bacterial recombinase RecA alone requires, in addition to the recombinase, a host of additional eukaryotic proteins, often called recombination mediators ([@b31],[@b32]). The suggested roles of the recombination mediators involve promoting the formation of recombinase filaments and stabilizing appropriately formed filaments on single-stranded DNA. For example, the mediator BRCA2 promotes Rad51 binding to recombination-competent DNA structures ([@b33]). Other mediators, the Rad51 paralogs, are suggested to stabilize Rad51-DNA filaments since one of them, human XRCC2, is an ADP/ATP exchange factor for Rad51 that would help maintain Rad51 in an ATP-bound state ([@b34]). Rad54 can also stabilize Rad51 filaments on single-stranded DNA ([@b35]--[@b37]). The transition to unstable and disassembling filaments after joint molecule formation is also a step where the recombination mediators could provide regulation and control.

We followed disassembly of filaments formed on double-stranded DNA, and demonstrated that Rad51 filaments disassembled in conditions that correlate with transition from an ATP to an ADP-bound form of Rad51. Filament disassembly followed on mica suggested that Rad51 monomers disassociate from DNA at multiple places. Quantitative analysis of Rad51 filament disassembly from the single molecule force spectroscopy experiments also indicated that Rad51 disassociation occurred from many places along the molecule. Rad51 apparently nucleates filament formation at many sites along DNA with, we assume, independent initial orientation of monomers probably resulting in filament segments with opposite polarity running into each other. Our observation of multiple disassembly points could be due to dissociation of Rad51 monomers from internal sites of filaments. However, this could also reflect monomer dissociation exclusively from the ends of many short independently nucleated filaments.

Filament disassembly is likely to be as important as assembly in authentic recombination reactions *in vivo*. *In vitro* assays for recombinase functions measure the accumulation of joint molecule intermediates or strand exchange products after de-proteination, which eliminates any differences among the reactions with respect to disassociation of the recombinase. However, recombination *in vivo* does not stop at joint molecule formation or strand exchange. To complete the process, other proteins need access to the joint molecule to extend the invading strand by polymerization or extend the heteroduplex by Holliday junction migration and eventually to resolve the recombined molecules. A recombinase filament covering the joint molecule is likely to inhibit these processes. Indeed, a dynamic RecA filament, capable of hydrolyzing ATP, is required for *in vitro* recombination coupled replication of *E.coli* ([@b38]). Similar replication coupled reactions are essential recombination process in both prokaryotes and eukaryotes ([@b39]).

Though our data do not yet address the function of Rad51 filament dynamics for identifying homology or strand invasion, a comparison with another DNA--protein polymer may be informative here. Though the ultimate result is a site-specific, and not a general recombination event, some analogies can be made between the phage Mu transposition reaction and Rad51-mediated recombination, specifically with respect to MuB function and activity. Similar to Rad51, MuB bound to ATP forms polymers on DNA and ATP hydrolysis is coupled to polymer disassembly ([@b40],[@b41]). In addition, MuB monomers readily exchange between polymers on DNA in both an end-dependent and end-independent manner ([@b40],[@b42]). The MuB-DNA polymer functions to direct the site of phage Mu insertion. It is suggested that the dynamic assembly and disassembly on DNA effectively allow MuB to sample multiple DNA locations until a suitable one is found, a MuB-DNA polymer is formed and remains stable enough for transposition to proceed ([@b40]). Similarly, dynamic Rad51-DNA interactions could result in transiently regular filaments, which would allow Rad51-bound single-stranded DNA to sample for homologous regions in the double-stranded target DNA, thus implying that a regular protein filament would stabilize the formation of a proper duplex joint molecule, promoting heteroduplex extension and favoring further steps of homologous recombination. Formation of a regular protein filament with extended DNA is a required step in current models of homologous recombination. We do not dispute the importance of helical nucleoprotein filaments in eukaryotic homologous recombination, but suggest that important questions remain regarding the functional lifetime of this structure as well as the identity of the reaction step, pre-synaptic or post-synaptic, requiring it.
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![SFM images of filaments formed by human Rad51 on double-stranded DNA in the presence of various nucleotide cofactors. (**A** and **B**) Examples of protein--DNA complexes described as irregular filaments formed on double-stranded DNA in the presence of ATP and MgCl~2~ (A) and ATPγS (B). (**C**--**E**) Examples of regular filaments formed on double-stranded DNA in conditions including ATP and MgCl~2~ treated with (NH~4~)~2~SO~4~ (C), AMP-PNP (D) and ATP and CaCl~2~ (E). All images are 1 × 1 μm and height is represented by color in the range of 0--3 nm, red to yellow as shown in the scale bar.](gki640f1){#fig1}

![Distribution of filament and DNA lengths measured from SFM images. The length of DNA molecules or filaments in the indicated conditions was measured and their distribution is plotted in histograms. (**A**) Bare DNA without any bound protein. (**B**) Filaments formed by Rad51 in the presence of ATP and MgCl~2~. (**C**) Filaments formed by Rad51 in the presence of ATP and MgCl~2~ and subsequently treated with (NH~4~)~2~SO~4~. (**D**) Filaments formed by Rad51 in the presence of AMP-PNP. (**E**) Filaments formed by Rad51 in the presence of ATP and CaCl~2~. The average measured length of the bare DNA fragment (blue line) and the length of this DNA fragment if it is extended 1.5 times in a filament (green line) are indicated in the histograms.](gki640f2){#fig2}

![SFM images of filaments formed by human Rad51 on single-stranded DNA in the presence of various nucleotide cofactors. Examples of protein--DNA complexes formed on single-stranded DNA in the presence of ATP and MgCl~2~ deposited directly (**A**) and after fixation with glutaraldehyde (**B**). Examples of filaments formed on single-stranded DNA in the presence of ATPγS (**C**), AMP-PNP (**D**), and ATP and CaCl~2~ (**E**). The percentage of filaments appearing irregular (such as in A and C) or regular is listed below the images. All images are 1 × 1 μm and height is represented by color in the range of 0--3 nm, red to yellow as shown in the scale bar.](gki640f3){#fig3}

![D-loop assay for recombination function. Human Rad51 was incubated with radiolabeled single-stranded oligonucleotide, supercoiled plasmid and the indicated nucleotide cofactors. Oligonucleotide substrates and D-loop recombination products were separated on a gel and the appearance of the D-loop product was followed in time as indicated.](gki640f4){#fig4}

![Disassembly of human Rad51 filaments formed on double-stranded DNA in the presence of ATP and MgCl~2~ treated with (NH~4~)~2~SO~4~ before deposition onto mica for imaging. (**A**) SFM images of filaments from the binding reaction treated with (NH~4~)~2~SO~4~ and deposited (as in [Figure 1C](#fig1){ref-type="fig"}), and samples of the same reaction deposited onto mica and incubated on mica in buffer lacking (NH~4~)~2~SO~4~ for the indicated times (1, 5 and 30 min). (**B**) Quantification of filament disassembly on mica presented as histograms of filament lengths measured from the reactions shown in (A). The length of the bare DNA fragment (blue line) and the length of this DNA fragment if it is extended to 1.5 times its length in a filament (green line) are indicated in the histograms. (**C**--**E**) SFM images of control reactions showing the appearance of filaments formed as indicated: in the presence of ATP and MgCl~2~ and incubated on mica in buffer including (NH~4~)~2~SO~4~ (C), in the presence of ATP and MgCl~2~ incubated on mica in buffer including KCl (D), and filaments formed by Rad51 on double-stranded (ds) DNA in the presence of ADP and MgCl~2~ (E). Images are 1.5 × 1.5 μM in (A) and 1 × 1 μM in (C, D and E) and height is represented by color in the range of 0--3 nm, red to yellow.](gki640f5){#fig5}

![Assembly and disassembly of human Rad51 filaments on double-stranded DNA followed in real-time in a magnetic tweezers setup. (**A**) Time course of a fast filament assembly reaction with 830 nM Rad51. (**B**) Time course of a slow filament assembly reaction with 166 nM Rad51. (**C**) Time course of a Rad51 filament disassembly reaction upon removal of Rad51 and ATP from the flow cell. In all experiments, the DNA tether was held at a constant stretching force of 1.0 pN. Buffer exchange occured for the first 60--75 s.](gki640f6){#fig6}
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